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ENGINEERING BOND MODEL FOR CORRODED REINFORCEMENT 
ABSTRACT 
Corrosion of the reinforcement in concrete structures affects their structural capacity. This problem affects 
many existing concrete bridges and climate change is expected to worsen the situation in future. At the 
same time, assessment engineers lack simple and reliable calculation methods for assessing the structural 
capacity of structures damaged by corrosion. This paper further develops an existing model for assessing 
the anchorage capacity of corroded reinforcement. The new version is based on the local bond stress-slip 
relationships from fib Model Code 2010 and has been modified to account for corrosion. The model is 
verified against a database containing the results from nearly 500 bond tests and by comparison with an 
empirical model from the literature. The results show that the inherent scatter among bond tests is large, 
even within groups of similar confinement and corrosion level. Nevertheless, the assessment model that 
has been developed can represent the degradation of anchorage capacity due to corrosion reasonably well. 
This new development of the model is shown to represent the experimental data better than the previous 
version; it yields similar results to an empirical model in the literature. In contrast to many empirical 
models, the model developed here represents physical behaviour and shows the full local bond stress-slip 
relationship. Using this assessment model will increase the ability of professional engineers to estimate the 
anchorage capacity of corroded concrete structures.  
Keywords: Corrosion, Reinforced concrete, Anchorage, Bond, Assessment 
1. INTRODUCTION 
Many concrete structures are subjected to damaging processes, corrosion of the steel reinforcement being 
the most common [1]. The damage panorama ranges from corrosion in its initial stages, undetectable upon 
ordinary inspection, to large cracks or even spalling of the concrete cover. Climate change is expected to 
accelerate the deterioration, so even more severe damage over a shorter timespan may be expected in 
future [2]. Furthermore, demands for greater load-bearing capacity of bridges often grows with time. 
Thus, there is major (and increasing) demand for reliable methods to assess the capacity and remaining 
service life of existing infrastructure. 
When reinforcement in concrete is subjected to corrosion, internal pressure is created due to the 
volumetric increase upon the formation of iron oxides. If the confinement of the surrounding concrete is 
sufficient, this may initially increase the bond capacity. As corrosion of the reinforcement bars propagates, 
the surrounding concrete eventually fails to carry the induced tensile stresses and longitudinal splitting 
cracks develop. Consequently, confinement diminishes and the bond capacity decreases [3–5]. After 
cracking, the capacity may either decrease markedly with further corrosion, as with minor levels of 
transverse reinforcement, or it may increase slightly as is the case with substantial stirrup content [6–9]. 
Furthermore, corrosion of reinforcement reduces the cross-sectional area of reinforcing bars, and thereby 
their capacity and ductility [10,11]. As many reinforcing bars have stronger steel close to the surface than 
in the centre of the bar, corrosion may also reduce the tensile strength of the rebar [12]. 
  
On the structural level, corrosion reduces not only the shear and moment capacity but also affects tension 
stiffening, and consequently the deflection and crack widths. Furthermore, plastic rotation capacity is 
affected. This influences moment redistribution in indeterminate structures, as well as robustness and 
seismic resistance [13]. In general, concrete structures are designed to show ductile failure if their ultimate 
capacity is exceeded, thus allowing people to avoid immediate danger. However, a corroded structure may 
collapse abruptly. For example, sudden bond failure in bridge beams at anchorage zones and curtailment 
ends can occur as a direct consequence of bond deterioration from corrosion. Reliable assessment of 
structural capacity is therefore particularly important. 
In order to utilise the knowledge gained from previous research and advanced modelling [14,15] in 
engineering practice, there is a need for simplified models. These must be sufficiently accurate and time-
effective for assessing existing structures. Previous work has established an analytical one-dimensional 
model for assessing anchorage in corroded reinforced concrete structures [16], denoted here as ARC1990. 
Its original formulation stems from the analytical local bond stress-slip model in Model Code 1990 [17], 
but has been modified based on results from a parametric study using 3D nonlinear finite element (NLFE) 
analyses to account for the effect of corrosion [18,19]. Subsequent verification includes a comparison with 
test results from naturally corroded specimens [20], a validation against 3D NLFE analyses and test results 
from high-level corrosion attacks that have led to cover spalling [21]. 
The relevance of the model in a practical context has been demonstrated in a pilot study of two bridges in 
Stockholm, Sweden [22]. It was shown that for these two bridges, use of the model reduced costs by 
approximately €3 million as unnecessary strengthening could be avoided. The Swedish Road 
Administration manages 20,000 bridges and there are around one million bridges in EU27, a large portion 
of which are made of reinforced concrete and located in corrosive environments. Considering this, the 
potential cost savings for society are enormous, if reliable assessment methods are made available for 
engineering practice. 
Besides demonstrating the great capabilities of the analytical local bond model, the pilot study helped 
identify areas for its improvement. Areas identified as important for practical use were: incorporating the 
cross-sectional position of the bar being studied, and the influence of transverse reinforcement. This was 
enabled by implementing the fib Model Code 2010 [23] in the model, denoted as ARC2010. The primary 
aims of this paper are implementation and verification of the new model against a large bond test database 
of corroded specimens, plus an empirical expression. 
Section 2 presents a background for assessing anchorage in corroded reinforced concrete and a 
comparison between local bond stress-slip relationships in fib Model Code 1990 and 2010. There is also a 
description of ARC2010, the proposed engineering bond model for corroded reinforcement. Section 3 
presents a collection of bond tests of corroded specimens, plus calibration and verification of the proposed 
bond model. The results are discussed in Section 4, and conclusions and an outlook are given in Section 5. 
2. A PROPOSED ENGINEERING BOND MODEL 
2.1. Assessment of anchorage in corroded RC structures  
Analytical procedures for assessing anchorage capacity and other aspects of structural behaviour can differ 
in complexity, depending on the extent to which actual physical behaviour is to be captured. Ideally, a 
  
more complex analysis should mean improved representation of actual behaviour in comparison with a 
simpler analysis. However, the cost in terms of an analyst’s time and expertise will be higher. 
2.1.1 Different levels of assessment 
The level of detail in a structural assessment can be divided into several categories. This approach is based 
on the principle of successively improved evaluation in structural assessment and comprises four different 
assessment levels [24], level I being the simplest and level IV the most advanced. A description of the 
assessment levels is presented in Figure 1. 
 
Figure 1: Description of assessment levels I to IV for the assessment of anchorage capacity in reinforced 
concrete with corroded reinforcement, proposed by and adopted from [24]. 
Assessment levels I and II are strength based and one dimensional (1D) approaches, respectively. These 
do not require a non-linear finite element (NLFE) analysis and are considered suitable for application in 
engineering practice. In level I assessments, only the residual capacity given by the local bond stress-slip 
relationship is considered over an assumed anchorage length. In the more refined level II approach, the 
entire local bond stress-slip relationship is used to solve the 1D differential equation over the available 
anchorage length and obtain the anchorage capacity. Levels III and IV require the use of NLFE analyses. 
The main difference is that in level III the interaction between reinforcement bars and concrete is treated 
using local bond stress-slip relation, whilst in level IV the interaction is explicitly represented by models 
describing the bond action, cf. Lundgren 2005a [25] and models accounting for the influence of corrosion, 
cf. Lundgren 2005b [26], applied to the interface between reinforcement bars and concrete. The latest 
developments include advanced models for the interaction between mechanical and non-mechanical 
effects of corrosion, cf. Ožbolt et al. [27]. In this paper, the assessment of anchorage has been carried out 
according to assessment level II. A more detailed description of this level is presented in the following 
section. 
2.1.2 Description of anchorage assessment level II 
In assessments at level II, the force that can be anchored is calculated by solving the equilibrium 
conditions along the reinforcement bar. The differential equation [16] is: 
𝜋∙𝜙𝑚 
2
4
∙
𝑑𝜎𝑠
𝑑𝑥
− 𝜋 ∙ 𝜙𝑚 ∙ 𝜏𝑏 = 0 (1) 
  
where 𝜙𝑚 is the reinforcement diameter, 𝜎𝑠 is the stress in the reinforcement and 𝜏𝑏 is the local bond 
stress. The reinforcement bar within the anchorage length is assumed to be in the elastic range, thus: 
𝜎𝑠 = 𝐸𝑠𝜀𝑠,    𝜀𝑠 =
𝑑𝑢
𝑑𝑥
 (2, 3)  
where 𝐸𝑠 is the elastic modulus, 𝜀𝑠 is the strain and 𝑢 denotes the displacement of the reinforcement bar. 
The bond stress 𝜏𝑏 is defined by the local bond stress-slip relation. For an uncorroded case, the local-bond 
slip relationship from, say, Model Code 2010 [23] can be used to assess the anchorage. For a corroded bar, 
modified local bond stress-slip curves as suggested in this paper can be used; see Section 2.3. If the 
deformation of the surrounding concrete is neglected, the slip, 𝑠, equals the displacement of the rebar: 
𝑢 = 𝑠   (4) 
When considering pull-out of a reinforcement bar with embedment length 𝑙𝑏 and prescribed displacement 
𝑢𝑙𝑏, the boundary conditions are: 
𝜎𝑠(0) = 0,    𝑢(𝑙𝑏) = 𝑢𝑙𝑏 (5, 6) 
The differential equation can be solved numerically to obtain the steel stress and deformation along the 
rebar, and accordingly also the pull-out force and average bond stress over the embedment length. 
2.2 Comparison of local bond stress-slip relationships in Model Code 1990 and 2010 
The difference between the local bond stress-slip relationships from the two versions of Model Code and 
the resulting influence when used in a level II assessment are presented in Sections 2.2.1 and 2.2.2 
respectively. 
2.2.1 Original local bond stress-slip relationships in Model Codes 2010 and 1990 
The analytical one-dimensional model for the assessment of anchorage in corroded reinforced concrete 
structures in [16] was based on the local bond stress-slip relationship in Model Code 1990 [17]. There, the 
confinement conditions are defined as either “confined” or “unconfined”, corresponding to pull-out and 
splitting failure respectively. Interpolation between these cases can be carried out based on concrete cover 
to bar diameter ratio and stirrup content. 
In Model Code 2010, the local bond strength corresponding to splitting of the specimen is calculated 
explicitly; this governs the local bond stress-slip relation, if it is smaller than the pull-out strength [23]. 
The local bond strength expressions in Model Codes 1990 and 2010 have a common feature in the 
differentiation between “Good bond conditions” and “All other bond conditions”. “Good bond conditions” 
applies to all bars with 45-90° inclination to the horizontal during concreting as well as those with less 
than 45° to the horizontal, which are up to 250 mm from the bottom, or at least 300 mm from the top, of 
the concrete layer during concreting. 
In both Model Codes 1990 and 2010, “All other bond conditions” means a reduction of maximum local 
bond strength. For Model Code 2010, the splitting strength is also reduced compared with “Good bond 
conditions”. For monotonic loading, the local bond stresses can be calculated as a function of the relative 
displacement according to Equations 7-10, which are common to Model Codes 1990 and 2010: 
  
𝜏𝑏 = 𝜏𝑏𝑚𝑎𝑥(𝑠 𝑠1⁄ )
𝛼 for 0 ≤ 𝑠 ≤ 𝑠1 (7) 
𝜏𝑏 = 𝜏𝑏𝑚𝑎𝑥 for 𝑠1 ≤ 𝑠 ≤ 𝑠2 (8) 
𝜏𝑏 = 𝜏𝑏𝑚𝑎𝑥 − (𝜏𝑏𝑚𝑎𝑥 − 𝜏𝑟𝑒𝑠) (𝑠 − 𝑠2) (𝑠3 − 𝑠2)⁄  for 𝑠2 ≤ 𝑠 ≤ 𝑠3 (9) 
𝜏𝑏 = 𝜏𝑟𝑒𝑠 for 𝑠3 ≤ 𝑠 (10) 
where the parameters for Model Codes 2010 and 1990 are given for pull-out failure and splitting failure in 
Table 1 and Table 2 respectively. 
Table 1: Parameters defining local bond stress-slip curve for pull-out failure for Model Codes 2010 and 
1990. 
 
Pull-out (MC 2010) Pull-out (MC 1990) 
“Good” “All other” “Good” “All other” 
𝝉𝒃𝒎𝒂𝒙 2.5√𝑓𝑐𝑚 1.25√𝑓𝑐𝑚 2.5√𝑓𝑐𝑘 1.25√𝑓𝑐𝑘 
𝒔𝟏 1.0 𝑚𝑚 1.8 𝑚𝑚 1.0 𝑚𝑚 1.0 𝑚𝑚 
𝒔𝟐 2.0 𝑚𝑚 3.6 𝑚𝑚 3.0 𝑚𝑚 3.0 𝑚𝑚 
𝒔𝟑 𝑐𝑐𝑙𝑒𝑎𝑟
⋆ 𝑐𝑐𝑙𝑒𝑎𝑟
⋆ 𝑐𝑐𝑙𝑒𝑎𝑟
⋆ 𝑐𝑐𝑙𝑒𝑎𝑟
⋆ 
𝜶 0.4 0.4 0.4 0.4 
𝝉𝒓𝒆𝒔 0.4𝜏𝑏𝑚𝑎𝑥 0.4𝜏𝑏𝑚𝑎𝑥 0.4𝜏𝑏𝑚𝑎𝑥 0.4𝜏𝑏𝑚𝑎𝑥 
⋆ 𝑐𝑐𝑙𝑒𝑎𝑟  is the clear distance between ribs. 
Table 2: Parameters defining local bond-slip curve for splitting failure for Model Codes 2010 and 1990. 
 Splitting (MC 2010) Splitting (MC 1990) 
 “Good” “All other” “Good” “All other” 
 Unconfined Stirrups Unconfined Stirrups   
𝝉𝒃𝒎𝒂𝒙 2.5√𝑓𝑐𝑚 2.5√𝑓𝑐𝑚 1.25√𝑓𝑐𝑚 1.25√𝑓𝑐𝑚 2.0√𝑓𝑐𝑘 1.0√𝑓𝑐𝑘 
𝝉𝒃𝒖,𝒔𝒑𝒍𝒊𝒕 Eq. 11 Eq. 11 Eq. 11 Eq. 11 -  
𝒔𝟏 𝑠(𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡) 𝑠(𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡) 𝑠(𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡) 𝑠(𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡) 0.6 𝑚𝑚 0.6 𝑚𝑚 
𝒔𝟐 𝑠1 𝑠1 𝑠1 𝑠1 0.6 𝑚𝑚 0.6 𝑚𝑚 
𝒔𝟑 1.2𝑠1 0.5𝑐𝑐𝑙𝑒𝑎𝑟
⋆
 1.2𝑠1 0.5𝑐𝑐𝑙𝑒𝑎𝑟
⋆
 1.0 𝑚𝑚 2.5 𝑚𝑚 
𝒂 0.4 0.4 0.4 0.4 0.4 0.4 
𝝉𝒓𝒆𝒔 0
† 0.4𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡
† 0† 0. 4𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡
† 0.15𝜏𝑏𝑚𝑎𝑥 0.15𝜏𝑏𝑚𝑎𝑥 
⋆ 𝑐𝑐𝑙𝑒𝑎𝑟  is the clear distance between ribs. 
† residual capacity modified in the proposed model, ARC2010.  
The splitting strength is estimated in Model Code 2010 as: 
𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡 = 𝜂2 ∙ 6.5 ∙ (
𝑓𝑐𝑚
25
)
0.25
∙ (
25
𝜙𝑚
)
0.2
[(
𝑐𝑚𝑖𝑛
𝜙𝑚
)
0.25
(
𝑐𝑚𝑎𝑥
𝑐𝑚𝑖𝑛
)
0.1
+ 𝑘𝑚 ∙ 𝐾𝑡𝑟]  (11) 
where 𝜂2 is 1.0 and 0.7 for “good” and “all other” bond conditions respectively; 𝑓𝑐𝑚 is the mean cylinder 
compressive strength in MPa; 𝜙𝑚 is the diameter of the anchored bar in mm; 𝑐𝑚𝑖𝑛 and 𝑐𝑚𝑎𝑥 are given in 
  
Equations 12 and 13; 𝑘𝑚 and 𝐾𝑡𝑟 are the confinement coefficient and the amount of the transverse 
reinforcement respectively. It should be noted that Equation 11 assumes a constant bond stress over a 
bonded length of five times the diameter of the anchored bar, i.e. a local bond stress-slip relationship is 
considered. To obtain the average bond strength over a longer embedment length the differential Equation 
1 should be solved.  
𝑐𝑚𝑖𝑛 = min(𝑐𝑠 2⁄ , 𝑐𝑥 , 𝑐𝑦)  (12)  
𝑐𝑚𝑎𝑥 = max(𝑐𝑠 2⁄ , 𝑐𝑥)  (13) 
where 𝑐𝑠 is the clear spacing between main bars; 𝑐𝑥 is the cover in x-direction and 𝑐𝑦 is the cover in y-
direction; 𝑘𝑚 = 12 for bars located within 5𝜙𝑚 ≤ 125 𝑚𝑚 from a stirrup corner, 𝑘𝑚 = 6 if 𝑐𝑠 > 8𝑐𝑦 or 
𝑘𝑚 = 0 if 𝑐𝑠 < 8𝑐𝑦, or if a crack can propagate to the concrete surface without crossing transverse links. 
The transverse reinforcement is quantified as: 
𝐾𝑡𝑟 = 𝑛𝑡𝐴𝑠𝑡 (𝑛𝑏𝜙𝑚𝑠𝑡)⁄ ≤ 0.05 (14) 
where 𝑛𝑡 is the number of legs of confining reinforcement crossing a potential splitting-failure surface at a 
section, 𝐴𝑠𝑡 is the cross-sectional area of one leg of a transverse bar, 𝑠𝑡 is the longitudinal spacing of 
confining reinforcement and 𝑛𝑏 is the number of anchored bars or pairs of lapped bars in the potential 
splitting surface.  
For comparison, some examples of the local bond stress-slip curves from Model Codes 2010 and 1990 are 
presented in Figure 2. These examples use C50/60 concrete, “Good bond conditions”, 𝜙𝑚 = 20 𝑚𝑚, with 
cover 𝑐 = 2𝜙. The stirrup amount is 𝐾𝑡𝑟 = 0.05 (if applicable) with effectiveness factor 𝑘𝑚 = 12. The 
clear spacing between ribs is chosen to 𝑐𝑐𝑙𝑒𝑎𝑟 = 5.8 𝑚𝑚 and the inclining branch shape factor 𝛼 = 0.4. It 
should be noted that in Model Code 1990, the “Splitting” case requires a minimum amount of transverse 
reinforcement equivalent to 25% of the longitudinal reinforcing steel in the cross section; also, linear 
interpolation is allowed between the “Pull-out” and “Splitting” cases. 
  
 
Figure 2: Comparison of the local bond stress-slip expressions for “Good bond conditions” in Model 
Codes 2010 and 1990, C50/60 concrete, 𝜙𝑚 = 20 𝑚𝑚, 𝑘𝑚 = 12, 𝐾𝑡𝑟 = 0.05, 𝑐 = 40 𝑚𝑚, 𝑐𝑐𝑙𝑒𝑎𝑟 =
5.8 𝑚𝑚 and 𝛼 = 0.4. 
2.2.2 Comparison of average bond strength from level II analysis using Model Codes 2010 and 
1990 
The anchorage capacities of Model Codes 2010 and 1990 when used in level II analyses are investigated 
via the statistical method “factorial design”, see [28]. This allows for a structured, quantitative 
comparison of the average bond strength (calculated as the pull-out force divided by the rebar surface area 
along the embedment length) as well as the influence of input parameters, which may differ between the 
models. 
In principle, the method is simple: the input parameters (independent variables) for the models are 
assigned two levels (two discrete values) denoted “–“ and “+”. For example, reinforcement diameters can 
have a “–“ level of 16 mm and a “+” level of 20 mm. Then the response variable (dependent variable), the 
average bond strength in this case, is calculated for all possible combinations of “–“ and “+” levels. The 
required number of calculations is 2k, when two levels are considered for each input parameter and where 
k is the number of input parameters. 
Model Code 2010 and 1990 are compared for the case of a reinforcement bar being close to an edge, i.e. 
markedly thicker concrete cover in the horizontal direction compared to the vertical direction. Eight and 
five input parameters are considered for the cases with and without stirrups, respectively. The input 
parameters for the factorial design are presented in Table 3.  
  
Table 3: Input parameter levels for Model Codes 1990 and 2010 in factorial design. 
Input parameters 
Parameter levels 
with stirrups 
Parameter levels 
without stirrups 
– + - + 
Main bar diameter 𝜙𝑚 [mm] 16 20 16 20 
Cover y-dir 𝑐𝑦 [mm] 20 60 20 60 
Concrete compressive strength 𝑓𝑐𝑚 [MPa] 38 48 38 48 
Young’s modulus 𝐸𝑠 [GPa] 190 210 190 210 
Yield strength main bars 𝑓𝑦 [MPa] 450 550 450 550 
Stirrup diameter 𝜙𝑠 [mm] 6  12 - - 
c-c stirrups 𝑠𝑡 [mm] 50 200 - - 
Yield strength stirrups 𝑓𝑦𝑡 [MPa] 450 550 - - 
A bonded length of five times the main bar diameter is used, i.e. either 80 mm or 100 mm. The cover in 
the x-direction, i.e. horizontal, is 150 mm to represent a bar relatively far away from a corner. The average 
bond strength for all possible combinations (i.e. 28 = 256 and 25 = 32) is calculated by level II analyses 
using the local bond stress-slip relationships of Model Codes 2010 and 1990. For the case with stirrups, 
the stirrup content is accounted for by a linear interpolation between “Confined” and “Unconfined” cases 
in Model Code 1990, but is included in the expression of splitting strength (see Equation 11) in Model 
Code 2010. 
The main effect (𝑀𝐸) of an input parameter is computed as the difference between the average value of all 
results for the two different parameter levels. Thus, the main effect of input parameter 𝑛 can be written: 
𝑀𝐸𝑛 = 𝑦𝑛
+
− 𝑦𝑛
−
  (15) 
where 𝑦𝑛
+
 and 𝑦𝑛
−
 are the average responses (average bond strength) of all calculations where parameter 𝑛 
was assigned its “+” and “–” levels respectively. 
Figure 3 shows the differences of resulting average bond strengths and influence of input parameters 
between Model Codes 1990 and 2010, when applied in level II analyses. The left and right ends of the 
lines indicate 𝑦𝑛
−
 and 𝑦𝑛
+
 respectively and therefore the slope indicates the main effect of the parameter. It 
should be noted that these main effects are valid within the studied parameter ranges but may differ if 
other values are selected for the “–“ and “+” levels of the input parameters. 
  
 
Figure 3: Comparison between Model Code 2010 and Model Code 1990 results from level II analysis. The 
inclination of the lines is interpreted as the influence of the corresponding input parameter. The solid lines 
and dashed lines represent cases with stirrups and without stirrups, respectively.  
Firstly, it is concluded from the overview of all parameters that Model Code 2010 predicts a lower 
average bond strength than Model Code 1990; the difference is large for cases without stirrups. This 
difference is due to that the residual branch of the local bond stress-slip relationship is zero for cases 
without stirrups in Model Code 2010, while a small capacity remains in the 1990 version. This leads to a 
smaller anchorage capacity when the differential equation (Equation 1) is solved over the bonded length. 
Secondly, an increase of the main bar diameter gives a more pronounced reduction in Model Code 2010, 
similarly an increase of concrete cover 𝑐𝑦 is also more influential compared to in Model Code 1990. This 
is because both 𝜙𝑚 and 𝑐𝑦 are influential parameters in the expression for the splitting strength in Model 
Code 2010.  
Since the concrete compressive strength directly determines the maximum local bond capacity in Model 
Code 1990, while the splitting strength often governs in Model Code 2010, a greater influence from the 
concrete compressive strength is anticipated in MC1990.  
The influence of stirrup diameter and spacing is relatively similar for both versions of Model Code, 
however it is a bit more pronounced in the 1990 version. 
As expected, the properties of the main reinforcement steel do not influence the average bond strength 
capacity. This is because the embedment lengths (chosen for both parameter levels) are short and 
consequently the steel does not yield. However, the strength of the transverse reinforcement influences the 
  
capacity in Model Code 1990, since it is included in the interpolation between “Confined and 
“Unconfined” case. 
2.3 Proposed new model for anchorage assessment in concrete structures with corroded 
reinforcement 
The proposed model for the assessment of Anchorage in corroded Reinforced Concrete structures 
(ARC2010) is based on the local bond stress-slip relationship in Model Code 2010 [23]. The proposed 
model includes the following modified and additional elements so as to account for the effect of corrosion: 
• Introduction of equivalent slip to account for bond degradation due to corrosion. 
• Change of failure mode due to corrosion-induced cracking of the concrete cover.  
• Modification of residual bond stress in case of low stirrup content. 
2.3.1 Equivalent slip to account for the effect of corrosion 
It has previously been observed that the local bond stress-slip curve of corroded reinforcement can be 
approximated by shifting the uncorroded curve in the slip direction [18,19]. The local bond stress-slip 
curve for corroded reinforcement is then obtained as the minimum bond stress value of the original and 
the shifted curve. In other terms, the approximation means that corrosion exhausts the bond capacity in a 
similar manner to slip. This principle is illustrated in Figure 4. 
 
Figure 4: Illustration of the equivalent slip, 𝑠𝑒𝑞, to account for the effect of corrosion in a local bond 
stress-slip curve, where splitting strength governs the maximum bond stress. 
As stated previously, the reduction in capacity due to corrosion is accounted for by shifting the local bond-
slip curve, i.e. an equivalent slip added to the slip between steel and concrete. This can be expressed as: 
  
𝑠𝑒𝑓𝑓 = 𝑠 + 𝑠𝑒𝑞  (16) 
where 𝑠𝑒𝑓𝑓 is the effective slip, 𝑠 is the mechanical slip and 𝑠𝑒𝑞 is the equivalent slip to account for the 
effect of corrosion. 
To illustrate the principle in an actual example, the average bond stress-slip curve from uncorroded test 
results in Lin & Zhao 2016 [29] is plotted together with results from a corroded specimen in the same 
experimental campaign in Figure 5. The curve from the uncorroded test shifted in the slip direction is also 
plotted. An equivalent slip of 𝑠𝑒𝑞 = 1.68 𝑚𝑚 was applied, obtained from the expression calibrated in 
Section 3.2. As can be seen in Figure 5, this yields similar peak bond strength as in the bond stress-slip 
curve of the corroded specimen, and the descending branch and residual strength are reasonably well 
captured. Note that in this example, the average bond stress calculated as the pull-out force divided by the 
rebar surface area along the embedment length was used, even though the model is meant to be applied to 
the local bond stress. Here, the intention was only to show the principle of equivalent slip applied to 
experimental results directly.  
 
Figure 5: Illustration of the procedure for applying an equivalent slip, i.e. shifting the average bond 
stress-slip curve in the direction of slip;𝑠𝑒𝑞 is the equivalent slip and 𝑊𝑐 is the corrosion level. 
2.3.2 Influence of corrosion-induced cracks 
Increasing corrosion levels will ultimately crack the concrete cover. The corrosion penetration leading to 
cracking can, according to [16], be estimated as: 
  
𝑥𝑐𝑟 = 11 ∙ (
𝑓𝑐𝑚
40
)
0.8
∙ (
𝑐
𝜙𝑚
)
1.5
∙ (
𝜙𝑚
16
)
0.5
 (17) 
where 𝑓𝑐𝑚 is the concrete cylinder compressive strength in MPa, 𝑐 the concrete cover and 𝜙𝑚 the rebar 
diameter, all in mm. This expression was found by curve-fitting 3D analyses, assuming uniformly 
distributed corrosion. The influence of corrosion distribution will be discussed further in Section 4.2. 
Through geometric observation the corresponding corrosion level in terms of weight loss, 𝑊𝑐𝑟, can be 
calculated based on the corrosion penetration. 
The original splitting strength is used for corrosion levels below cracking limit, see Equation 11. 
However, when the concrete cover is cracked by corrosion, the confinement provided by that cover is 
decreased. It is suggested to account for this by reducing the factor for concrete cover to 1, thus obtaining 
the reduced splitting strength: 
𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡,𝑟𝑒𝑑 = 𝜂2 ∙ 6.5 ∙ (
𝑓𝑐𝑚
25
)
0.25
∙ (
25
𝜙𝑚
)
0.2
(1 + 𝑘𝑚 ∙ 𝐾𝑡𝑟) (18) 
where 𝜂2 is 1.0 and 0.7 for “Good bond conditions” and “All other bond conditions” respectively, 𝑓𝑐𝑚 is 
the mean cylinder compressive strength, 𝜙𝑚 is the diameter of the anchored bar being considered, 𝑘𝑚 is a 
confinement coefficient and 𝐾𝑡𝑟 is the amount of transverse reinforcement. Similar to Equation 11, the 
above expression is based on an embedment length of five times the bar diameter and is used to obtain the 
local bond stress-slip curve for cases where the cover is cracked.  
If the concrete is confined enough to exhibit a pull-out failure mode in the uncorroded case, then a 
corrosion level leading to cracking of the concrete cover will change the failure mode. In ARC2010, this is 
represented by changing the local bond stress-slip behaviour from pull-out to splitting upon corrosion-
induced cracking. The splitting strength is calculated using Equation 18. The same applies to cases where 
splitting governs the failure in the uncorroded case. Accordingly, the reduced splitting strength after 
cracking of the concrete cover is also obtained by Equation 18.  
For cases with stirrups, the slip level at the maximum local bond stress 𝑠1 is calculated based on the 
reduced splitting strength; the residual is reached for slip level 𝑠3 of 0.5 𝑐𝑐𝑙𝑒𝑎𝑟. 
For cases without stirrups, 𝑠1 (equal to 𝑠2) is increased by 25% to avoid overly narrow peaks in the local 
bond stress-slip relationship. 𝑠3 is computed as 1.2𝑠1, as given in Model Code 2010. Local bond stress-
slip curves for un-cracked cases and cases cracked by corrosion are presented in Figure 6. Note that the 
equivalent slip, as presented in Section 2.3.1, is used to account for different levels of corrosion, and the 
change in failure mode between cracked and un-cracked cases presented here is used to give a distinct 
change in capacity between the two cases.  
  
Figure 6: Change from pull-out failure to splitting failure due to corrosion for “Good bond conditions”, 
C50/60 concrete, 𝜙𝑚 = 20 𝑚𝑚, 𝑘𝑚 = 12, 𝐾𝑡𝑟 = 0.05, 𝑐 = 40 𝑚𝑚, 𝑐𝑐𝑙𝑒𝑎𝑟 = 5.8 𝑚𝑚 and 𝛼 = 0.4. PO 
indicates pull-out failure and SP indicates splitting. 
2.3.3 Modification of residual capacity 
In Model Code 2010, the capacity after splitting (residual bond stress) is zero if no transverse 
reinforcement is present. By applying a slip equivalent to a high corrosion level, the bond capacity would 
thus become zero. Nevertheless, several researchers have reported normalised bond strengths of 10-60% 
[15,30,31] from tests on specimens with high levels of corrosion (>10%, artificial corrosion), relatively 
small concrete cover (< 2 𝜙𝑚) and no transverse reinforcement. In the light of these tests, as well as bond 
tests of beam specimens cast without covers [32], this reduction of the bond strength is seen as too 
conservative. For high corrosion levels, potentially with spalling of concrete cover, it is essentially only 
the residual part of the local bond stress-slip relationship that provides anchorage capacity in ARC2010. 
This is due to the large equivalent slip for those cases. Therefore, the Regan & Reid 2009 results [32], 
from tests of beams without concrete covers, can serve as a reference for residual capacity where 
corrosion levels are high. 
A modified expression of the residual bond capacity for specimens with low stirrup content is proposed 
for both the corroded and uncorroded cases: 
𝜏𝑟𝑒𝑠,𝑚𝑜𝑑(𝐾𝑡𝑟) =  {
(0.16 + 12𝐾𝑡𝑟) ∙ 𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡,𝑟𝑒𝑑  𝑓𝑜𝑟 0 ≤ 𝐾𝑡𝑟 ≤ 0.02
0.4 ∙ 𝜏𝑏𝑢,𝑠𝑝𝑙𝑖𝑡,𝑟𝑒𝑑               𝑓𝑜𝑟  0.02 < 𝐾𝑡𝑟
 (19) 
The lower level was chosen to yield a residual bond capacity of 16% of the reduced splitting strength, see 
Equation 18. This is in the lower end of the test results mentioned above [15,30,31] and in line with Regan 
  
& Reid’s tests [32]. The upper limit, which is reached when 𝐾𝑡𝑟 is greater than 0.02, was chosen based on 
comparison with the ARC1990 model and Regan & Reid 2009 [32]. 
A comparison of the residual bond stress of the previous model ARC1990, the proposed new ARC2010 
model and the results of the tests by Regan & Reid 2009 are plotted for C30/37 and C50/60 concrete in 
Figure 7 and Figure 8, respectively. The tests denoted “flush” and “mid-barrel” have a cover of 𝜙𝑚 2⁄  and 
zero respectively, measured from the centre of the bar. 
It should firstly be noted that the dependency on concrete strength varied between the models. In 
ARC1990 and Regan & Reid 2009, the residual capacities are functions of the square root of the concrete 
strength, while in ARC2010 it is a function of the concrete strength raised to the power of ¼. This causes 
the latter to be less sensitive to changes in concrete strength than ARC1990 and Regan & Reid 2009. 
With C30/37 concrete, shown in Figure 7, the residual capacity of ARC2010 for “Good bond conditions” 
is between Regan & Reid’s flush and mid-barrel without stirrups, and is slightly larger for higher stirrup 
content. The same observation is made for ARC1990, although the capacity is greater than both ARC2010 
and Regan & Reid 2009 for high stirrup content. For “All other bond conditions”, ARC2010 shows results 
similar to those in Reagan & Reid 2009 for small stirrup levels, whilst lower capacity is shown for higher 
stirrup levels. Furthermore, ARC1990 shows a similar residual capacity to Regan &Reid 2009 and 
ARC2010 for low stirrup levels. For higher stirrup levels the residual capacity of ARC1990 is lower. 
 
Figure 7: Comparison of residual bond stress from ARC1990, proposed ARC2010 and results from Regan 
& Reid 2009 for C30/37 concrete, 𝜙𝑚 = 20 𝑚𝑚 and 𝑘𝑚 = 12. 
  
With C50/60 concrete, depicted in Figure 8 below, the residual capacity of ARC2010 for “Good bond 
conditions” is in line with Regan & Reid 2009, both without stirrups and with increasing stirrup content. It 
can also be seen that ARC1990 corresponds well to cases without stirrups, but with increasing stirrup 
content it reaches a higher capacity than Regan & Reid 2009. For “All other bond conditions”, ARC2010 
shows similar results to Reagan & Reid 2009 for low stirrup content and a lower capacity for higher 
stirrup content. Furthermore, ARC1990 shows similar residual capacity as Regan & Reid 2009 for low 
stirrup content, but with higher stirrup content, the residual capacity of ARC1990 is lower. Overall, 
ARC2010 gives results that appear within an acceptable range compared to Regan & Reid 2009 and which 
are consistent with the physical behaviour. 
 
Figure 8: Comparison of residual bond stress from ARC1990, proposed ARC2010 and results from Regan 
& Reid 2009 for C50/60 concrete, 𝜙𝑚 = 20 𝑚𝑚 and 𝑘𝑚 = 12. 
  
  
3. CALIBRATION AND VERIFICATION AGAINST DATABASE 
3.1 Description of the database 
A compilation of 500 bond tests was used to calibrate the equivalent slip, which depends on the corrosion 
level. The database consists of pull-out and beam tests reported in 21 research works [3, 5, 6, 8, 15, 28–30, 
32–44]. Information about the tests includes bar diameter 𝜙𝑚, concrete cover 𝑐, embedment length 𝑙𝑏, 
stirrup content 𝐴𝑠𝑡/(𝑠𝑡 ∙ 𝜙𝑚), yielding strength of stirrups 𝑓𝑦𝑡, concrete compressive strength 𝑓𝑐𝑚 and the 
current density used in accelerated corrosion process 𝑣 and corrosion level 𝑊𝑐. Also included are the 
absolute bond strength 𝜏𝐷𝐵,𝑎𝑏𝑠 (typically calculated as the anchored force divided by the surface area of 
the bar in the bonded zone) and the relative bond strength 𝜏𝐷𝐵,𝑟𝑒𝑙, defined as the ratio between absolute 
bond strength of the corroded and the uncorroded (reference) test. The current densities vary among the 
test set-ups, which may influence the bond capacity. Moreover, the embedment lengths vary. For short 
embedment lengths, the absolute bond strength can be seen as the local bond strength. For longer lengths, 
this no longer holds true. However, the comparison between the computational model and the database 
results is made by assessing the anchorage capacity using a level II analysis, in other words integrating the 
local bond stress along the embedment length. The resulting force is then divided by the surface area of 
the rebar in the bonded zone to obtain the average bond strength. This also corresponds to the procedure 
for determining bond strength in the tests. 
Many factors influence the bond strength between concrete and corroded reinforcement and bond test 
results are typically subjected to considerable scatter. To quantify the scatter in the database, bond test 
results from corroded specimens were sorted into groups based on confinement and the level of corrosion. 
The coefficient of variation of the relative bond strength, with respect to the uncorroded case, was then 
estimated within the groups. The confinement was quantified by a bond index obtained from a well-
known empirical bond model, including the main parameters of confinement [45] which can be written as: 
𝐼𝐴 = 0.1 + 0.25 ∙
𝑐
𝜙𝑚
+ 4.15 ∙
𝜙𝑚
𝑙𝑏
+ 0.024 ∙
𝐴𝑠𝑡
𝑠𝑡∙𝜙𝑚
 (20) 
where 𝑐 is concrete cover, 𝜙𝑚 bar diameter, 𝑙𝑏 embedment length and 𝐴𝑠𝑡 (𝑠𝑡 ∙ 𝜙𝑚)⁄  the amount of 
transverse reinforcement. The corrosion level was quantified by percentage weight loss. 
Four levels were chosen for the bond index and five for the corrosion level. The inclusion intervals were 
selected to distribute the tests more or less evenly among the groups. The bond index groups were 0-1.0, 
1.0-1.5, 1.5-2.0 and 2.0-3.0, and the corrosion level groups were 0-1.5%, 1.5-3.0%, 3.0-4.5%, 4.5-10% 
and 10-%. Uncorroded cases were filtered out. Thus, a total of 460 bond test results were divided into 20 
(4x5) groups. The distribution of the tests among the groups is presented in Figure 9. 
  
 
Figure 9: The four bond index intervals and the five corrosion level intervals are presented on the 
horizontal axes. The number of test results in each group is presented on the vertical axes. 
Incidentally, the maximum levels of corrosion applied in tests are often related to the experimental time 
needed, as high corrosion levels also should be reached with a sufficiently slow corrosion speed. 
Furthermore, for low levels of corrosion the variation in weight of a steel bar from the production of the 
reinforcement can be important. For example, if a specific bar is not weighed before corrosion is applied 
(as is common in experimental works) but instead nominal values are used. 
Within each of the 20 groups, the relative bond strength was used to estimate the coefficient of variation. 
It was calculated as the standard deviation divided by the mean value of the relative bond strengths in the 
groups, see Equations 21-23: 
𝑐𝑣 =
𝜎
𝜇
  (21) 
𝜎 =  √
1
𝑁−1
∑ |𝜏𝐷𝐵,𝑟𝑒𝑙,𝑖 − 𝜇|
2𝑁
𝑖=1  (22) 
𝜇 =
1
𝑁
∑ 𝜏𝐷𝐵,𝑟𝑒𝑙,𝑖
𝑁
𝑖=1  (23) 
where 𝑁 is the total number of tests in the group and 𝜏𝐷𝐵,𝑟𝑒𝑙,𝑖 is the relative bond strength in test 𝑖. 
  
A contour plot of the coefficient of variation appears in Figure 10. This shows that the highest coefficient 
of variation is associated with the group having a bond index of 2.0-3.0 and a corrosion level between 4.5-
10%. If the confinement stems from a large concrete cover with only a minor contribution from stirrups, 
the bond strength can be expected to decrease suddenly once the cover is cracked by corrosion. If instead 
the confinement is mostly provided by stirrups, then a larger remaining capacity can be expected after 
corrosion-induced cracking. Therefore, the variation in this group is reasonable. The coefficient of 
variation is lower along the left and bottom boundaries of the contour plot, i.e. either low bond index (0-
1.0) or low corrosion level (0-1.5%). This is because corrosion cracking has less impact on bond in these 
cases; for specimens with low bond index because they are likely to crack due to mechanical loading only, 
and for low corrosion levels as the cover is likely not cracked by corrosion. This explains why the 
coefficient of variation is smaller along the left and bottom boundaries.  
 
Figure 10: Contour plot of the coefficient of variation for relative bond strength in the database of varying 
bond index and corrosion level. 
Coefficients of variation of up to 110% illustrate major experimental scatter, as is common for bond test 
results of corroded reinforcement in concrete. This should be borne in mind when validating the ARC2010 
model in Section 3.3. 
  
3.2 Determination of the equivalent slip 
The bond test results from the database described above were used to find the equivalent slips for 
ARC2010, by solving the inverse problem according to the concept described in Section 2.3.1. Using the 
equivalent slips, the assessment model should give relative bond strengths corresponding to the test results 
in the database. However, due to scatter in the test results and since increased bond capacity due to low 
levels of corrosion is not included in ARC2010, the comparison between model and test results should be 
made carefully. 
Moreover, to obtain a sound basis for the calibration two exclusion criteria were applied to the tests in the 
database. The maximum allowable current density for inclusion in the calibration was 400 𝜇𝐴 𝑐𝑚2⁄ . 
Higher current densities have been shown to influence the steel concrete bond extensively, see for 
example [46]. This excluded 180 tests from the calibration data. Furthermore, some test results were 
excluded from the calibration as their bond capacity was deemed unreasonably high. Such results may be 
due to the difference between intended and actual embedment length or influence of transverse pressure. 
The choice of which tests to exclude was made by limiting the maximum bond stress to the maximum 
shear stress as per Mohr-Coulomb failure criterion, without considering adhesion. By setting the third 
principal stress as the compressive capacity and the first principal stress as zero, the maximum bond stress 
may be written: 
𝜏𝐷𝐵,𝑎𝑏𝑠 ≤
𝑓𝑐𝑚
2
 (24) 
For the presence of stirrups, a choice was made to increase the limit on the maximum bond stress by 20% 
due to additional confinement. This was because compressive stresses surrounding corroding main bars 
can arise where stirrups hold the cross section together, due to the volume increase of the main bars. These 
compressive stresses in the surrounding concrete can lead to additional bond capacity. The value of 20% 
was chosen based on the provisions for additional capacity due to transverse pressure in Model Code 2010 
[23]. This criterion excluded an additional 43 tests and the remaining 277 tests were included in the 
calibration. 
3.2.1 Equivalent slip from the normalised average bond strength in the database 
The equivalent slip in the model was calibrated to produce the same average bond strength for the 
ARC2010 model as in the tests, both normalised with respect to the uncorroded cases. Firstly, the 
reference average bond strength was calculated using ARC2010 without applying corrosion. Then an 
equivalent slip was found for each test, yielding the corresponding reduction of normalised average bond 
strength as in the database. If the corrosion level was high enough to crack the concrete cover, the local 
bond stress-slip relationship was changed according to Section 2.3.2, prior to finding the equivalent slip. 
This inverse problem was solved in an iterative procedure. 
For two types of cases it was not possible to achieve the same normalised average bond strength as in the 
database: 
• Corrosion caused increased average bond strength in the test. The equivalent slip for ARC2010 
was set to zero, i.e. yielding no reduction in bond strength. 
• The normalised average bond strength in the test was less than the normalised residual bond 
strength in ARC2010. The smallest equivalent slip yielding the normalised residual bond strength 
  
of ARC2010 was selected. If a larger equivalent slip value was chosen, this might lead to an 
overly conservative model. 
Moreover, in test specimens without stirrups, the peak of the bond stress curve can be narrow, which in 
some cases caused convergence problems in the iterative procedure above. For those cases, an equivalent 
slip was found manually by selecting a value that gave as close a reduction as possible to the test results. 
3.2.2 Calibration of equivalent slip function 
The different input parameters for the ARC2010 model listed in Table 3 were complemented with the 
corrosion level. The influence on the equivalent slip of all these parameters were investigated by plotting 
the equivalent slip against each input parameter one at a time. The only parameter showing a clear 
relationship was the corrosion level; as expected the equivalent slip increases with corrosion level. 
The database was split into two groups due to the different bond stress-slip relationships between cases 
with and without stirrups. One group included the test specimens with stirrups, and the other without. 
Furthermore, each group was randomly divided into two sets, approximately 80% of the data were put in a 
set used for calibration and the remaining 20% in a verification set. The size of the calibration and 
verification set was determined on the basis that the calibrated models for the equivalent slip should 
perform equally well, as measured by the mean squared error, on the calibration and verification set, in 
order to not over-fit the data. 
Two different functions for the equivalent slip were calibrated, one for cases with stirrups and one for 
cases without. The linear regression was carried out using MATLAB [47] (commercial software) by 
determining the least squares fit. The linear function was prescribed to pass through the origin, to prevent 
a sudden increase in equivalent slip at very low corrosion levels.  
The functions yielding the best fit were thus determined, as shown in Equations 25 and 26, for cases 
without and with stirrups respectively: 
𝑠𝑒𝑞,𝑛𝑜𝑠𝑡𝑖𝑟 = 2.9𝑊𝑐 without stirrups (25) 
𝑠𝑒𝑞,𝑠𝑡𝑖𝑟 = 13.6𝑊𝑐 with stirrups (26) 
where 𝑊𝑐 is the corrosion level (weight loss) in decimals and the equivalent slip is output in mm. For 
cases without stirrups there is data up to around 15% corrosion, and for cases with stirrups up to 
approximately 20% corrosion. Therefore, the domains for Equation 25 and 26 are 0-15% and 0-20% 
corrosion weight loss, respectively. 
The expressions for the equivalent slips are plotted in Figure 11. This shows that the equivalent slip for 
cases with stirrups is markedly higher than in cases without stirrups. This is reasonable, keeping in mind 
that it is the change in resulting average bond stress from a level II analysis that is fitted. Moreover, the 
local bond stress-slip relationships for cases without transverse reinforcement show a steep reduction after 
the maximum bond strength value, whereas the reduction for cases with transverse reinforcement is less. 
In other words, a smaller shift in the local bond stress-slip curve is required for the non-stirrup cases to 
yield a similar reduction in relative bond strengths to the stirrup cases. The equivalent slip for the previous 
model, ARC1990, is computed as the corrosion penetration  multiplied by the constant 8.1 [18,19], a value 
  
obtained from a parameter study using FE analyses. The equivalent slip for 𝜙𝑚 = 10 𝑚𝑚 and 𝜙𝑚 =
25 𝑚𝑚 reinforcement bars are also included in Figure 11. It would be overly conservative to use this 
expression for the ARC2010 model, especially for cases without stirrups. 
  
(a) Cases without stirrups (b) Cases with stirrups 
Figure 11: Presentations of the expressions of equivalent slips for ARC2010 and ARC1990, plus 
calibration and verification data. 
3.3 Verification of the proposed model 
As just described, the database was used to find equivalent slips for ARC2010 which yielded similar 
reductions in average bond strength by inverse analysis, i.e. finding the input that yields the desired 
output. These equivalent slips were then used to calibrate linear functions, see Equations 25 and 26. 
ARC2010 was run against all the bond tests in the database using the equivalent slips determined by the 
expressions, so as to demonstrate the applicability of the proposed model. This included changes in the 
local bond stress-slip relationship due to cover cracking from corrosion and modification of residual 
strength as per Sections 2.3.2 and 2.3.3 respectively. The resulting normalised average bond strengths 
from ARC2010 were also compared to an empirical model by Castel et al. [48] and experimental bond 
stress-slip relationships. 
3.3.1 Comparison to database results 
The relative average bond strengths obtained from the ARC2010 model, i.e. the deteriorated bond strength 
normalised by the non-corroded bond strength, are plotted against the corresponding database values for 
cases without and with stirrups in Figure 12. Intentionally, no increase in relative bond strength is allowed 
for ARC2010, however a number of tests in the database show increased capacity. As stated earlier, the 
scatter among the bond test results is quite large which can be seen in the plots. However, it may also be 
noted that the results are equally distributed around the diagonal line, representing same result in database 
and ARC2010, however with a slight skew towards the safe side. 
  
 
  
(a) cases without stirrups (b) cases with stirrups 
Figure 12: Normalised average bond strength from database versus ARC2010 model for specimens 
without stirrups (a) and specimens with stirrups (b). The diagonal line corresponds to full agreement. 
The absolute average bond strengths obtained from the ARC2010 model are plotted against the 
corresponding database values for cases without and with stirrups in Figure 13. It is observed that for 
cases with stirrups, the ARC2010 model more often predicts higher average bond strengths compared to 
the test results. This is most pronounced for the uncorroded cases, for which the original Model Code 
2010 is used, while the agreement gets better with increased corrosion. 
  
(a) cases without stirrups (b) cases with stirrups 
Figure 13: Absolute average bond strength from database versus ARC2010 model for specimens without 
stirrups (a) and specimens with stirrups (b). The diagonal line corresponds to full agreement. 
Since the scatter of the database is rather large, traditional measures of goodness of fit such as the 𝑅2 
value can be misleading. Here, the residuals obtained when subtracting the ARC2010 results from the 
database results are studied instead (𝜏𝐷𝐵,𝑟𝑒𝑙 − 𝜏𝐴𝑅𝐶2010,𝑟𝑒𝑙). The residuals for the cases without stirrups are 
presented in Figure 14. No obvious bias is visible to any side of the horizontal line due to the corrosion 
level. The mean value of the residuals (sign included), is 0.05 for the cases without stirrups. 
  
 
Figure 14: Residual between normalised average bond strength in database and ARC2010 for cases 
without transverse reinforcement. Positive values mean larger database capacity. 
The residuals for cases with stirrups are plotted in Figure 15. The mean value of the residuals (sign 
included) is 0.09 for the cases with stirrups. 
  
 
Figure 15: Residual between normalised average bond strength for database and ARC2010 for cases with 
stirrups. Positive values mean larger database capacity. 
3.3.2 Comparison to empirical model by Castel et al. 2016 
The ARC2010 model was compared to the empirical model by Castel et al. 2016 [48] in terms of relative 
bond strength for several corrosion levels. The applicability of the Castel et al. 2016 model was verified 
against a large data set (partially coincident with data used for ARC2010 calibration) and compared with 
good agreement to several other empirical expressions. Other models of the bond strength of corroded 
reinforcement were also considered, such as Prieto et. al. 2016 [49]. The Castel et al. 2016 model was 
chosen because the corrosion is quantified by the area of cross-section loss. This was deemed interesting 
in the comparison to ARC2010 as it is based on corrosion as a percentage. For a complete description of 
the empirical model please refer to [48]. 
Figure 16 presents a comparison for the case with 𝑓𝑐𝑘 = 50 𝑀𝑃𝑎, 𝜙𝑚 = 16 mm, without stirrups and for 
three different concrete covers (𝑐 = 40, 60 and 80 mm). As can be seen, the relative bond strengths 
obtained from the two models agree well. For the ARC2010 model, three main corrosion intervals can be 
identified. For low levels of corrosion, the concrete cover is not yet cracked. Cracking of the cover leads 
to a marked decrease in relative bond strength. This occurs at around 2% corrosion level for 𝑐 = 40 mm, 
3% for 𝑐 = 60 mm and 5% for 𝑐 = 80 mm. Within the next corrosion level interval, the reduction springs 
solely from application of the equivalent slip. This continues until the equivalent slip being applied is 
sufficiently large to leave only the residual capacity in the local bond stress-slip curve. This corresponds to 
the last corrosion interval. 
  
 
Figure 16: Comparison between Castel et al. 2016 and ARC2010 for 𝑓𝑐𝑘 = 50 𝑀𝑃𝑎, 𝜙𝑚 = 16 𝑚𝑚, 
without stirrups. 
A similar case is compared in Figure 17, but differing by the stirrup content of 𝜙𝑡 = 8 mm with spacing 
𝑠𝑡 = 150 mm. The reduction in relative bond strength is pronounced for cases with stirrups when 
corrosion causes cracking of the concrete cover. Thereafter, the bond capacity decreases as the corrosion 
level increases but without the sudden drop in residual capacity. This case also shows a good agreement 
between Castel et al. 2016 and ARC2010, although the latter yields a higher capacity for higher levels of 
corrosion. 
  
 
Figure 17: Comparison between Castel et al. 2016 and ARC2010 for 𝑓𝑐𝑘 = 50 𝑀𝑃𝑎, 𝜙𝑚 = 16 𝑚𝑚, 𝜙𝑡 =
8 𝑚𝑚 and 𝑠𝑡 = 150 𝑚𝑚. 
The case with the similar stirrup diameter but half the stirrup spacing (𝜙𝑡 = 8 mm with spacing 𝑠𝑡 =
150 mm) is presented in Figure 18. The results are analogous to those in Figure 17, while the drop in 
capacity at concrete cover cracking is less pronounced due to the larger amount of stirrups. This can be 
explained by much of the capacity originating from the transverse reinforcement, occasioning less 
influence by the concrete cover. 
  
 
Figure 18: Comparison between Castel et al. 2016 and ARC2010 for 𝑓𝑐𝑘 = 50 𝑀𝑃𝑎, 𝜙𝑚 = 16 𝑚𝑚, 𝜙𝑡 =
8 𝑚𝑚 and 𝑠𝑡 = 75 𝑚𝑚. 
3.3.3 Comparison to experimental bond stress-slip relations 
In this section, the local bond stress-slip relationships obtained from the ARC2010 model are compared 
with relationships obtained from experiments. The pull-out tests with plain concrete performed by 
Berrocal et al. 2017 [50] serves as comparison for cases without stirrups. Geometrical data of the test 
specimens and the input parameters for the ARC2010 model are presented in Table 4. As the embedment 
length in the tests was shorter than five times the diameter, a constant bond stress along the embedment 
length was assumed when the local bond stress from the tests was calculated. 
Table 4: Geometrical data for pull-out test specimens from Berrocal et al. 2017 and model parameters 
used in ARC2010 model. 
Parameter Value 
Embedment length [mm] 70 
Main bar diameter 𝜙𝑚 [mm] 16 
Cover x-dir 𝑐𝑥 [mm] 64 
Cover y-dir 𝑐𝑦 [mm] 64 
Concrete compressive strength 𝑓𝑐𝑚 [MPa] 56 
Young’s modulus 𝐸𝑠 [GPa] 200 
Yield strength main bars 𝑓𝑦 [MPa] 500 
Alpha factor 𝛼 [-] 0.4 
𝑐𝑐𝑙𝑒𝑎𝑟 [mm] 6.5  
  
Bond conditions 𝜂2 [mm] 1 
 
The results from the pull-out tests together with the results obtained from the ARC2010 model are 
presented for uncorroded and moderate levels of corrosion in Figure 19. Note that the average corrosion 
level of the three tests is used as input for the ARC2010 model. It can be seen that the maximum local 
bond stress agrees reasonably well between the experiments and the model, especially for the case with 
corrosion. The residual branch of the local bond stress-slip curve is however overestimated by the model. 
This is expected since very limited confinement if present after the concrete cover of the circular pull-out 
test specimens are cracked. The ARC2010 is however adjusted to have a residual bond stress as is 
common in more real situations such as bars in beams or slabs, as described in Section 2.3.3. 
  
(a) uncorroded (b) moderate corrosion level 
Figure 19: Comparison between ARC2010 and experiments without stirrups. 
Furthermore, beam tests including transverse reinforcement from Lin and Zhao 2016 [29] were used for 
comparison. The beams had stirrups with spacing of both 100 mm and 150 mm. The geometrical and 
model input parameters are given in Table 5. As the embedment length in these tests were longer than five 
times the diameter, the average bond stress from experiments and the ARC2010 model were compared for 
varying levels of corrosion, see results in Figs 20-21. As can be seen, the model is able to represent the 
average bonds stress-slip relationships rather well, both in terms of the peak bond stress as well as the 
residual bond strength. For the uncorroded cases the ARC2010 model, that is the original Model Code 
2010, is shown to overestimate the peak bond stress slightly. With increasing corrosion level this 
overestimation becomes smaller. 
Table 5: Geometrical data for beam test specimens and model parameters used in ARC2010 model. 
Parameter Value 
Embedment length [mm] 150 
Main bar diameter 𝜙𝑚 [mm] 20 
Cover x-dir 𝑐𝑥 [mm] 40 
Cover y-dir 𝑐𝑦 [mm] 65 
Concrete compressive strength 𝑓𝑐𝑚 [MPa] 30 
Young’s modulus 𝐸𝑠 [GPa] 200 
  
Yield strength main bars 𝑓𝑦 [MPa] 540 
Stirrup diameter 𝜙𝑠 [mm] 6 
c-c stirrups 𝑠𝑡 [mm] 100/150 
Efficiency of stirrups 𝑘𝑚 12 
Alpha factor 𝛼 [-] 0.4 
𝑐𝑐𝑙𝑒𝑎𝑟 [mm] 0.39𝜙𝑚  
Bond conditions 𝜂2 [mm] 1 
 
   
(a) uncorroded (b) moderate corrosion level (c) high corrosion level 
Figure 20: Comparison between ARC2010 and experimental results for cases with 150 mm stirrup 
spacing. 
   
(a) uncorroded (b) moderate corrosion level (c) high corrosion level 
Figure 21: Comparison between ARC2010 and experimental results for cases with 100 mm stirrup 
spacing. 
4. DISCUSSION 
4.1 Influence of scatter in the database 
Many parameters influence the bond between reinforcement and concrete; even more so in the case of 
corrosion. Due to the large number of influencing parameters, many of which are difficult to control in 
experiments, the scatter in bond test results involving corroded reinforcement is expected to be large. This 
was also confirmed in the description of the bond database in Section 3.1. 
Despite the large degree of scatter, ARC2010 can predict the reduction in bond capacity for the 
experiments in the database reasonably well. This claim is based on the study of residuals between the 
bond reduction predicted by ARC2010 and the bond tests. These have a mean value close to zero, with or 
  
without stirrups. The possibility of reducing scatter was investigated by including more parameters in the 
expressions for equivalent slip. However, no significant reduction in scatter of the relative average bond 
strength was achieved by including parameters other than the corrosion level. 
4.2 Use of corrosion level compared to use of corrosion penetration or area loss 
There is no consensus in the research community what measure of corrosion to use, both absolute 
measures such as area loss in mm2 and dimensionless measures such as the corrosion level as a percentage 
are used. The latter is used in the present model; this choice is elaborated in this section by considering 
three ways of quantifying the degree of corrosion: corrosion level as a percentage, penetration in mm, and 
area loss in mm2.  
The corrosion level as a percentage includes the bar diameter in the sense that the corroded portion of the 
cross section is given, but not in the amount of corrosion products formed since the original bar size is not 
included. Tests typically measure the percentage weight loss. Corrosion penetration, on the other hand, 
does not directly account for the bar diameter. For example, a corrosion penetration of 100 𝜇𝑚 means a 
greater reduction of a small-diameter bar than in a large-diameter bar. Several researchers therefore use 
the dimensionless ratio between corrosion penetration and bar radius, which is proportional to the weight 
loss as a percentage. The area loss due to corrosion accounts for the cross-sectional area lost to corrosion, 
but not how it relates to the uncorroded cross-section. For example, a highly corroded small-diameter bar 
might have the same area loss as a larger-diameter bar with less corrosion. 
Giving corrosion as corrosion level or area loss provides no information about the distribution along or 
around the reinforcement. However, this potentially important information can be included by using 
corrosion penetration. The corrosion distribution around or along the bar was rarely specified for the tests 
in the database. Rather, the corrosion was described using reinforcement bar weight loss and surface crack 
width. Furthermore, in previous investigations by one of the co-authors of this paper [21], four corrosion 
distributions were studied using a 3D NLFE analysis. Corrosion was applied to: all, three-quarters, half 
and one-quarter of the surface area of the reinforcement bar. All cases were subjected to the same 
corrosion weight loss. The results showed that the relative bond strength and crack pattern were 
influenced only marginally by the distribution. This can be explained by the force equilibrium between the 
reinforcement bar and surrounding concrete, which is nearly independent of the pressure distribution 
around the bar. 
A key question for the choice of corrosion measure for the ARC2010 model was the suitability for 
calibrating an expression to the equivalent slips. Therefore, the equivalent slips were plotted against the 
three measures of corrosion, see Figure 22 and Figure 23 for tests without and with stirrups respectively. 
Tests with a corrosion level below 20% are included in the plots and the calibrated expressions of the 
equivalent slip in ARC2010. 
The tests without stirrups show that when the equivalent slips are plotted against the corrosion level, the 
scatter has an increasing trend but there is no clear influence from bar diameter. However, when the 
equivalent slips are plotted against the corrosion penetration instead, it is apparent that the greater bar 
diameters are shifted to the right. This indicates that greater corrosion penetration is present for bars of 
greater diameter. The same observation can be made when corrosion is expressed as area loss, but the shift 
to the right is even more pronounced for greater-diameter bars. 
  
 
Figure 22: Equivalent slips versus corrosion level, corrosion penetration and cross-sectional loss for 
cases without stirrups. 
The scatter in the equivalent slips for cases with stirrups is large and it is hardly possible to draw any 
conclusion about corrosion measurement and bar diameter. However, it is notable that when corrosion 
level is used, the different bar diameters are more evenly distributed along the corrosion scale whilst for 
corrosion penetration and area loss, smaller bar diameters are clustered on the left-hand side. 
  
 
Figure 23: Equivalent slips versus corrosion level, corrosion penetration and cross-sectional loss for 
cases without stirrups. 
It should be mentioned that like the model proposed by Castel et al. 2016, the ARC2010 model gives a 
greater reduction in relative bond capacity for larger bars, at a given percentage of corrosion. This is 
because the expression for splitting strength depends on bar diameter and greater diameter gives lower 
strength. Since the splitting strength and therefore also the slip values 𝑠1,𝑠2 and 𝑠3 (if no stirrups) decrease 
with increased bar diameter, the same equivalent slip gives a greater reduction in average bond strength. 
Based on the plots, no definitive conclusion regarding the best general measure for corrosion can be 
drawn. However, corrosion level as a percentage was deemed the best option for the ARC2010 model. 
This was due to the independence of the bar diameter and the slightly clearer trend between equivalent slip 
and corrosion. 
4.3 Comparison between ARC2010, ARC1990 and Castel et al. 2016 
The previous ARC1990 model was applied and the results compared to the database values. The applied 
equivalent slip shows a linear increase with the corrosion level, as indicated in Figure 11. Figure 24 shows 
the results for cases without stirrups. This shows that in many cases ARC1990 predicts larger reductions 
in the average bond capacity compared to database values. These values are clustered on the left-hand side 
in the figure. 
  
 
Figure 24: Normalised average bond strength from database versus ARC1990 model for specimens 
without stirrups. The diagonal line corresponds to full agreement. 
Figure 25 shows the results for cases with stirrups, which appear less clustered compared to those without 
stirrups. However, the ARC1990 model shows a trend towards greater reduction in average bond capacity 
compared to database values for cases with stirrups. 
  
 
Figure 25: Normalised average bond strength from database versus ARC1990 model for specimens with 
stirrups. The diagonal line corresponds to full agreement. 
ARC2010, ARC1990 and the empirical expression given by Castel et al. 2016 [48] are compared in Table 
6. This is achieved by presenting the mean values of the differences between the relative average bond 
strength in the database compared to the three models. It is noteworthy that the output from the Castel et 
al. 2016 expression is a reduction factor, applicable to average bond strength. The comparison is made by 
applying the reduction factor directly to the average bond strength. However, it should be noted that 
applying this factor to the local bond stress-slip relationship from, say, Model Code 2010 and integrating 
over the embedment length may lead to different results. 
The values obtained from the ARC1990 assessment model are visibly much greater than those from 
ARC2010. This indicates that ARC1990 gives results that are on the safe side, but which are too 
conservative when compared to the database. The Castel et al. 2016 expression also yields results on the 
safe side, but not as conservative as ARC1990. On average, the ARC2010 model predicts the capacities 
better; it yields lower mean residuals for cases with and without stirrups, compared to the other models. 
Table 6: Comparison between mean values of residuals for ARC2010, ARC1990 and Castel et al. 2016 
compared to bond database. 
 ARC2010 ARC1990 Castel et al.2016 
Without stirrups 0.05 0.30 0.12 
With stirrups 0.09 0.14 0.15 
 
  
4.4 Limitations of the model 
One important practical limitation is that multi-layer reinforcement is covered by neither ARC1990 nor 
ARC2010 at this point. However, this is under development for the ARC2010 model. Moreover, the 
concrete cover is divided into two directions: horizontal and vertical for the newer model, but ARC1990 
only deals with cover in one direction. Using the twin-directional covers and confinement coefficient from 
stirrups allows the location of the main bars in the cross section to be considered in ARC2010.  
Representation of possible bond strength increase due to corrosion was considered to be outside the scope 
of the model. The purpose of this model is to be used in structural assessments of corroded structures in 
engineering practice. It was chosen not to include possible bond strength increase in the model, mainly 
due to the following reasons: (i) an assessment of bond capacity is unlikely to be performed before visual 
signs of corrosion are present (e.g. cover cracking), and at that point the bond is likely to be reduced; (ii) 
from a practical point of view, a possible increase in bond capacity is not important. 
A sensitivity has shown that the average bond strength for cases with stirrups obtained from Model Code 
2010, and thus also ARC2010, are sensitive to the clear rib spacing chosen for the reinforcement bars. 
This is because this parameter determines the slip level at which only the residual bond stress remains. As 
the clear rib spacing was not specified in most experimental set-ups in the database, an estimated value 
was used. If this estimation differed from the actual bar properties, this can possibly explain the over-
capacity of the ARC2010 model compared to the database results for uncorroded cases, as seen in Figure 
13 b). To reduce the influence of the clear rib spacing in the calibration of the ARC2010 model, it was 
chosen to calibrate the relative capacity reduction due to corrosion rather than the absolute one. 
The influence of corroded stirrups on the bond capacity is not explicitly included in the model. However, 
based on the corrosion level of the stirrups their effective area can be used as input to ARC2010. 
Furthermore, when corrosion of the stirrups has caused the concrete cover to crack or spall off, this can be 
treated by using a reduced splitting strength as presented in Section 2.3.2. 
The test specimens in the database (and thus the basis of the calibration of the model) were artificially 
corroded since naturally corroded specimens are very scarce in the literature. The transferability between 
the effect on bond capacity from artificial corrosion versus natural corrosion is not fully conclusive. 
Nevertheless, it is the best available data until more specimens with natural corrosion are tested. 
Lastly, it should be mentioned that ARC 2010 model has been constructed to produce an average bond 
strength. An appropriate safety format must therefore be applied to reach the safety requirements of the 
relevant structural assessment framework. 
  
  
5. CONCLUSIONS AND OUTLOOK 
This paper has presented the development of a model to assess the anchorage capacity of corroded steel 
bars in concrete and is intended for use in engineering practice. The model was calibrated using a large 
number of bond test results from literature with varying corrosion levels. These were compared to an 
empirical expression of reduction in bond strength due to corrosion proposed by Castel et al. 2016 [48]. 
Based on the study, the following conclusions can be drawn: 
• The ARC2010 assessment model includes confinement effects from concrete and transverse 
reinforcement, plus the changed confinement effects at the point where corrosion cracks the 
concrete cover. 
• The model represents the physical behaviour well, with a marked decrease in bond strength at the 
point where corrosion cracks the concrete cover in cases of low stirrup content. The decrease 
becomes less pronounced for higher stirrup content. 
• The incorporation of Model Code 2010 into the assessment model has enabled to account for the 
reinforcement bar position in the cross section. This was not possible in the previous model. Using 
Model Code 2010 as the basis for ARC2010 also enables the inclusion of other effects covered in 
the code, such as transverse stresses and longitudinal cracking. 
• ARC2010 gives the full local bond stress-slip curve, rather than just the maximum bond strength 
or the reduction in anchorage capacity. 
• Compared to the previous model ARC1990, the new model shows better agreement with the 
studied database of bond tests, for cases with and without transverse reinforcement. When 
normalised average bond strengths from ARC2010 are compared to the bond test database, the 
average difference is 0.05 for cases without stirrups and 0.09 for cases with stirrups. In other 
words, ARC2010 predicts slightly lower normalised average bond strengths than those observed 
in the tests. 
Future planned work will be divided into the following parts: 
(i) Calibration of modification factors to account for several layers of reinforcement using 
3D NLFE analyses. 
(ii) Development of a probabilistic ARC2010 model, to incorporate the uncertainties of the 
basic variables and to enable probabilistic analysis of the response. 
(iii) Calibration of modification factors for the deterministic ARC2010 model, for inclusion in 
the semi-probabilistic safety concepts; in Eurocode for example. 
The use of the assessment model will increase the ability of practicing engineers to estimate the anchorage 
capacity of concrete structures with corroded reinforcement. If the ARC2010 assessment model is used, 
this will make it possible to keep using more corrosion-damaged concrete bridges. 
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